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E-mail addresses: y.nara@ucl.ac.uk, nara@geo-er.enIn order to ensure long-term stability of structures in a rock mass, the study of time-dependent fracturing
is essential. The inﬂuences of the surrounding environmental conditions and rock fabric on subcritical
crack growth in sedimentary rocks in air are yet to be clariﬁed, while the nature of subcritical crack
growth in igneous rocks has been studied well. In this study, the inﬂuences of temperature and relative
humidity on subcritical crack growth in Berea sandstone, Shirahama sandstone and Kushiro sandstone
were investigated in air. The load relaxation method of Double Torsion (DT) testing method was used
to measure both crack velocity and stress intensity factor under a controlled temperature and relative
humidity.
Results show that the change of the crack velocity at a given stress intensity factor was unclear when
the temperature increased under a constant relative humidity in air. On the other hand, we show that the
crack velocity increased by several orders of magnitude when the relative humidity increased threefold
or fourfold under a constant temperature at a given stress intensity factor. This increase is much larger
than that expected from the conventional concept based on the theory of stress corrosion. It is therefore
necessary to consider the additional mechanisms for subcritical crack growth in sandstone. The increase
of the crack velocity was larger for sandstone which contained larger amount of clays. We conclude that
subcritical crack growth in sandstone in air is affected remarkably by the relative humidity and the
amount of clays in rock.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
Long-term stability of the rock mass surrounding structures,
such as repositories of radioactive wastes in underground, caverns
to store liquid natural gas (LNG) or liquid petroleum gas (LPG), or
underground power plants is paramount. For this purpose, it is
necessary to estimate the long-term strength and time-to-failure
of rock. To this end, a number of investigations have been con-
ducted (Schmidtke and Lajtai, 1986; Wilkins, 1987; Jeong et al.,
2007; Nara et al., 2010a). Additionally, it is considered that time-
dependent fracturing of rock is related to the increase of seismicity
seen prior to earthquake rupture and volcanic eruption (Kilburn
and Voight, 1998). Therefore, study of subcritical crack growth is
also important for seismology and volcanology. Chau and Shao
(2006) reported that time-dependent crack growth in rock played
an important role for the failure of rock panels on façade of build-
ings. It is considered that study of time-dependent crack growth inll rights reserved.
nable Resources Engineering,
ty, Kita 13 Nishi 8, Kita-ku,
g.hokudai.ac.jp (Y. Nara).rock is essential to understand the failure of most structures made
of rock.
Although the classical fracture mechanics has postulated that a
crack propagates when the stress intensity factor reaches a critical
value (fracture toughness), a crack can propagate even when the
stress intensity factor below the fracture toughness of the material.
This phenomenon is called subcritical crack growth (Atkinson,
1982, 1984; Atkinson and Meredith, 1987), one of the main mech-
anisms of time-dependent deformation in materials (Dascalu et al.,
2010). To better understand the time-dependent behaviour of rock,
a lot of studies of subcritical crack growth have been conducted
especially in igneous rocks. It has long been known that subcritical
crack growth in igneous rocks is affected by fabric of rock and sur-
rounding environmental conditions.
For granite, Sano and Kudo (1992) reported that the crack veloc-
ity was anisotropic and affected by the preferred orientation of
pre-existing microcracks. Nara and Kaneko (2006) reported that
the anisotropy of the crack velocity in granite was decided by the
crack propagation direction. According to Nara and Kaneko
(2006), when the crack propagated parallel to Rift plane, along
which the most pre-existing microcracks are distributed, the crack
velocity was the highest. Nara et al. (2006) concluded that the
crack propagated by connecting to microcracks ahead of the crack
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crack propagated parallel to Rift plane. Kudo et al. (1992) observed
crack paths in granite and investigated the interaction between the
crack paths and mineral grains. According to Kudo et al. (1992), the
quartz grains played an important role as an obstacle; plagioclase
could change the direction of the crack paths because of its cleav-
age plane; no deﬁnite tendency associated with the cleavage
planes and pre-existing microcracks was found for potash feldspar;
and biotite grains had a signiﬁcant effect on the crack paths even
when its constitutive ratio was very small.
It has been clariﬁed that water has a signiﬁcant effect on sub-
critical crack growth in igneous rocks. It has been reported that
the crack velocity in water was much higher than that in air for
andesite (Waza et al., 1980; Nara et al., 2009, 2010a), basalt (Waza
et al., 1980; Sano and Kudo, 1992), granite (Atkinson and Rawlings,
1981; Lajtai and Bielus, 1986; Lajtai et al., 1987; Sano and Kudo,
1992; Kodama et al., 2003; Nara et al., 2009) and gabbro (Atkinson
and Rawlings, 1981). In water, it was shown that the crack velocity
increased when the temperature was higher for andesite (Nara
et al., 2009, 2010a) and granite (Lajtai et al., 1987; Kodama et al.,
2003). In air, it has been reported that the crack velocity increased
with increasing the absolute humidity or water vapour pressure for
andesite (Nara and Kaneko, 2005), granite (Meredith and Atkinson,
1985; Nara and Kaneko, 2006) and gabbro (Meredith and Atkinson,
1985). Nara et al. (2010a,b) reported the increase of the crack
velocity by 1–4 orders of magnitude when the relative humidity
increased threefold or fourfold for andesite and granite.
For sedimentary rocks, the effect of water on subcritical crack
growth has also been investigated. It was shown that the crack
velocity in water was much higher than that in air for sandstone
(Kodama et al., 2003), novaculite (Atkinson, 1980) and micrite atFig. 1. X-ray diffraction patterns for sandstones. ‘‘c.p.s.’’ means ‘‘counts per secolow stress intensity factors (Henry et al., 1977). In water, the crack
velocity tended to be higher when the temperature was higher for
sandstone (Kodama et al., 2003). Holder et al. (2001) reported that
subcritical crack growth indices (slope of the relation between the
crack velocity and the stress intensity factor plotted on a log–log
scale) in water were lower than those in air for sandstone, chalk
and dolomite. However, in air, the effects of environmental condi-
tions such as the temperature and the relative humidity on subcrit-
ical crack growth in sedimentary rocks are yet to be clariﬁed.
Additionally, the inﬂuence of rock fabric is not clear for sedimen-
tary rocks.
In this study, the inﬂuences of relative humidity and tempera-
ture on subcritical crack growth were investigated experimentally
on three sandstones by a fracture mechanics testing method. Espe-
cially, the relation between the stress intensity factor and the crack
velocity in air was investigated under different temperatures at a
constant relative humidity and under the different relative humid-
ity at a constant temperature. Additionally, the inﬂuence of rock
fabric on subcritical crack growth is discussed.
2. Rock samples
Berea sandstone (Ohio, USA, Mississippian period), Shirahama
sandstone (Wakayama Prefecture, Japan, Neogene period) and
sandstone obtained at Kushiro Coalmine (Kushiro sandstone,
Hokkaido Prefecture, Japan, Paleogene period) were investigated.
In Fig. 1, results of X-ray diffraction (XRD) analysis are shown.
From Fig. 1(a), it is recognized that XRD pattern of Berea sandstone
shows the distinct peaks of quartz. It is considered that quartz is
the main rock-forming mineral of Berea sandstone. The peaks of
feldspars are also recognized and those of clay minerals are notnd’’. (a) Berea sandstone, (b) Shirahama sandstone, (c) Kushiro sandstone.
Fig. 2. Double Torsion specimen and loading conﬁguration. The loading forces are
shown by four thick arrows.
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peaks of clay minerals for Shirahama and Kushiro sandstones are
much more obvious than those for Berea sandstone. Especially,
the peaks of smectite, kaolinite and illite are distinct.
Table 1 shows the results of X-ray ﬂuorescence (XRF) analysis. It
is shown that the main component for sandstones in this study is
quartz. Especially, the percentage of quartz for Berea sandstone is
high. On the other hand, the percentages of Fe2O3 and Al2O3 are
higher for Shirahama sandstone and Kushiro sandstone.
Physical properties of sandstones are shown in Table 2. P-wave
velocities were measured by ultrasonic transmission method in
three orthogonal directions called axes-1, 2 and 3 in the order
of increasing velocity. Axis-3 is normal to the bedding plane. From
Table 2, it is shown that sandstones in this study all possess P-wave
velocity anisotropies. However, the difference of P-wave velocity is
smaller than that of Inada granite and Oshima granite (Nara and
Kaneko, 2006). Young’s moduli and Poisson’s ratios were obtained
by uniaxial compression tests with loading parallel to the bedding
plane. Porosity was measured by water saturation.
In this study, all of specimens for fracture mechanics test were
prepared so that the crack propagated parallel to the bedding
plane. After cutting and grinding, we kept specimens under ambi-
ent air condition the temperature at 300 K and relative humidity at
20–30% for at least 3 months in order to dry them enough.3. Methodology
3.1. Outline of experimental method
The Double Torsion (DT) method was used in this study. DT
method is a typical fracture mechanics testing method that is used
to study subcritical crack growth. The loading conﬁguration of DT
method is shown in Fig. 2. Three different types of test can be per-
formed using the DT arrangement, each using different loading
conditions: the constant load (CL) method (Kies and Clark, 1969),
the constant displacement rate (CDR) method (Evans, 1972), andTable 1
Chemical composition of sandstones obtained from X-ray ﬂuorescence analysis in
weight percent. ‘‘nd’’ means ‘‘not detected’’.
Berea sandstone Shirahama sandstone Kushiro sandstone
SiO2 92.24 74.31 55.57
Al2O3 4.39 12.47 14.87
K2O 1.46 3.95 3.18
Fe2O3 1.06 5.96 17.02
CaO 0.30 1.05 5.36
TiO2 0.23 0.42 0.80
MgO 0.19 0.77 1.26
MnO2 nd nd 0.43
Na2O nd 0.90 1.30
Table 2
Physical properties of sandstones.
Rock samples P-wave
velocities (km/s)
Young’s
modulus (GPa)
Poisson’s
ratio
Porosity
(%)
Berea
sandstone
2.3 (in axis-1)
2.3 (in axis-2) 8.20 0.25 20.4
2.2 (in axis-3)
Shirahama
sandstone
2.9 (in axis-1)
2.8 (in axis-2) 6.23 0.33 12.9
2.6 (in axis-3)
Kushiro
sandstone
2.9 (in axis-1)
2.7 (in axis-2) 9.12 0.32 10.4
2.7 (in axis-3)the load relaxation (RLX) method (Evans, 1972; Williams and
Evans, 1973). RLX method gives a wide range of data of the relation
between the stress intensity factor, KI, and the crack velocity, da/dt,
(KI  da/dt relation), generally from 102 to 109 m/s by only a sin-
gle experimental run, while CL and CDR methods give only one
point of KI  da/dt relation. In this study, RLX method was adopted
to obtain KI  da/dt relation.
In RLX method, the displacement of the loading points has to be
kept constant during the experiment whilst the temporal decreas-
ing (load relaxation) due to the crack propagation is measured. The
stress intensity factor and the crack velocity are expressed as fol-
lows (Evans, 1973; Williams and Evans, 1973):
KI ¼ Pwm
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3ð1þ mÞ
Wd3dn
s
; ð1Þ
da
dt
¼ uc 
Wd3G
3w2m
SiPi
P2
dP
dt
; ð2Þ
where P is the applied load, wm is the moment arm (23 mm in this
study), m is Poisson’s ratio, W is the width of the specimen, d is the
thickness of the specimen, dn is the reduced thickness of the speci-
men, Pi is the initial value of the applied load, Si is the compliance of
the specimen at the initial crack length, dP/dt is the load relaxation
rate, and G is the shear modulus. uc is a constant that is dependent
on the shape of the crack front. Experiments using glass (Williams
and Evans, 1973) and quartz (Atkinson, 1979a) suggested that
uc = 0.2.
Eqs. (1) and (2) are approximate solutions based on a thin-plate
assumption considering no thermal and hydro-mechanical phe-
nomena (Williams and Evans, 1973). It is therefore important to
consider their applicability. The size of the DT specimen has to sat-
isfy the condition as follows (Evans et al., 1974; Atkinson, 1979b;
Pletka et al., 1979):
12d 6W 6 L=2; ð3Þ
where L is the length of the specimen. According to Tait et al.
(1987), Shyam and Lara-Curzio (2006) and Madjoubi et al. (2007),
it seems to be better that the length of the specimen is larger than
twofold of the width. By using a ﬁnite element analysis, Ciccotti and
his co-workers expressed the corrective factor of the specimen
compliance to consider the non-linear terms of the dependence of
the compliance on the crack length in a DT specimen (Ciccotti,
2000; Ciccotti et al., 2000a). Based on their results, then they used
thicker specimen (W:d = 8:1) than that recommended by Evans
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(1988) showed the proportional relation between the compliance
and the crack length in a DT specimen of soda-lime glass, basalt
and quartz andesite. In general, the energy release rate g is related
to the compliance S as follows:
g ¼ P
2
2
dS
dAc
; ð4Þ
where Ac is the area of the crack. In the case of DT method, the shape
of the crack front is independent of the crack length (Evans, 1972;
Williams and Evans, 1973; Atkinson, 1979a). Therefore, the follow-
ing relationship can be obtained:
g / P
2
2
dS
da
: ð5Þ
If the compliance S is proportional to the crack length a, the energy
release rate and thus stress intensity factor is independent of the
crack length. Therefore, the result of Sano (1988) proves that the
stress intensity factor of DT method is independent of the crack
length.
Taking the above investigations into consideration, we set that
the width W was 55 mm and the length L was 145 mm. For Berea
sandstone and Shirahama sandstone, the thickness d was 3.5 mm.
It was impossible to make the thickness 3.5 mm for the specimen
of Kushiro sandstone, because this sandstone was easily broken
when it was immersed in water during making a DT specimen.
Therefore, the thickness d was 4 mm for Kushiro sandstone. The
width and depth of the guide groove was 2 mm and 1 mm,
respectively.
3.2. Experimental apparatus
A schematic illustration of the apparatus used in this study is
shown in Fig. 3. This apparatus was same as that of Nara and Kane-
ko (2005, 2006) except for the controllable range of the environ-
mental conditions. As shown in Fig. 3, this apparatus was set in a
roomwhere the temperature and the relative humidity can be con-
trolled. Therefore, it is possible to conduct experiments under the
controlled temperature and relative humidity in air. The controlla-Fig. 3. Schematic illustration of Double Torsion testing apparatus.ble ranges of the temperature and the relative humidity were 278–
353 K and 40–90%, respectively.
DT specimen is loaded by the electrical-powered cylinder via
stainless steel balls of diameter 4 mm. By using the digital micro-
scope placed under the specimen, the crack propagation in the
DT specimen can be monitored. The applied load is measured by
the load cell with the accuracy of ± 0.04 N. Displacement of the
loading point is measured by two displacement transducers with
the accuracy of ±0.5 lm.
3.3. Experimental condition
In order to investigate the effect of the temperature and the rel-
ative humidity separately, measurements of subcritical crack
growth were conducted under different temperature at a given rel-
ative humidity and vice versa. We conducted experiments under
low temperature (293 K, 53–56%), intermediate temperature
(328–329 K, 53%) and high temperature (349–350 K, 50–54%) con-
ditions to investigate the inﬂuence of the temperature, and under
low humidity (290–296 K, 18–29%), intermediate humidity
(293 K, 53–56%) and high humidity (293 K, 85–92%) conditions to
investigate the inﬂuence of the relative humidity. The measure-
ments were conducted under controlled temperature and relative
humidity. However, it was impossible to achieve the low humidity
condition whilst controlling the temperature and the relative
humidity. This is because of the limitation of the controllable range
of the relative humidity. The low humidity condition was achieved
by an ambient condition in the laboratory only in winter. Unfortu-
nately, these measurements were thus carried out without control-
ling the temperature and relative humidity.
3.4. Experimental procedure
At ﬁrst, precracking was conducted. For precracking, we applied
the displacement at the loading point by 4 lm, and then ﬁxed it in
order to observe the surface of the specimen the digital microscope
set under the specimen for the check of the crack length. We con-
tinued these operations until the crack length reached 30 mm,
which is the minimum length required for the condition in which
the stress intensity factor is independent of the crack length for a
DT specimen (Trantina, 1977).
After precracking, the apparatus and specimen were exposed to
the experimental environment, with the same temperature and
relative humidity, for more than 20 h. Following this period, the
measurement of crack growth with RLX method was carried out.
3.5. Loading condition
For rock, it has been reported that hysteresis of the KI  da/dt
relation was observed when conducting measurements by RLX
method several times with one specimen (Swanson, 1984; Sano,
1988). Sano (1988) suggested that this hysteresis was due to the
friction and locking on the crack surfaces, since no hysteresis
was observed on soda-lime glass. When measurements by RLX
method are conducted, it is necessary to minimize the effect of
the friction and locking. Hence, it is important to open the crack
as much as possible and not to repeat opening and closing the
crack. It is also considered that the effect of the friction and locking
can be larger when the initial length of the crack is larger. There-
fore, it is better to conduct only a single experimental run with
one specimen to avoid the larger effect of the friction and locking.
In order to ensure that a wide crack opened in the specimen, the
displacement applied to the loading points was set so that the ini-
tial value of the applied load became large and close to the value
corresponding to the fracture toughness as much as possible.
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study. According to Selçuk and Atkinson (2000) the measured
stress intensity factor with CDR method increased with increasing
displacement rate and was converged when the displacement rate
was higher than 0.07 mm/s. It is considered that the displacement
rate should be higher than 0.07 mm/s to measure the fracture
toughness with CDR method. The displacement rate was
0.23 mm/s in this study. Measurements were conducted under
low humidity condition. In Table 3, the measured fracture tough-
ness is listed. In this table, the average and the standard deviation
of 3 specimens for Berea sandstone and Shirahama sandstone and
2 specimens for Kushiro sandstone are shown.
Based on the above consideration, after applying the preload of
4–5 N (27–30% of the maximum load) in order to avoid hitting the
specimen, we applied 0.52 mm of the displacement at the loading
points on the specimens of Berea sandstone in all environmental
conditions. On the specimens of Shirahama sandstone, we applied
0.44 mm of the displacement at the loading points after applying
the preload of 4.5–5.5 N (15–38% of the maximum load). On the
specimens of Kushiro sandstone, we applied 0.44 mm of the dis-
placement at the loading points after applying the preload of
7.5 N (13–20% of the maximum load). The above displacements
were applied quickly within 0.3 s and kept constant for 90–
120 min as conducted in previous studies (Nara and Kaneko,
2005, 2006; Nara et al., 2009, 2010a,). In Fig. 4, the examples of
temporal changes of the applied load are shown. The stress inten-
sity factor and the crack velocity were estimated from the data in
Fig. 4 using Eqs. (1) and (2), respectively. With the above loading
conditions, we obtained the maximum loads corresponding to
more than 85% of the fracture toughness under the low humidity
condition.
4. Results
The crack velocity da/dt is related to the stress intensity factor
empirically as follows (Charles, 1958; Wiederhorn and Bolz, 1970):Table 3
Result of fracture toughness measurements for sandstones in air under low humidity
condition (290–296 K, 18–29%).
Rock samples Fracture toughness (MN/m3/2)
Berea sandstone 0.36 ± 0.01
Shirahama sandstone 0.73 ± 0.01
Kushiro sandstone 0.89 ± 0.07
Fig. 4. Temporal changes of applied load.da
dt
¼ AKnI exp
Ez
RT
 !
; ð6Þ
da
dt
¼ v0 exp E
z þ bKI
RT
 !
; ð7Þ
where E is the stress-free activation energy, R is the gas constant, T
is the absolute temperature, and others are constants determined
experimentally. Especially, n is called subcritical crack growth index
(Atkinson and Meredith, 1987). In this study, Eq. (6) was used to de-
scribe KI  da/dt relations.
KI  da/dt relations for Berea sandstone, Shirahama sandstone
and Kushiro sandstone obtained under different relative humidi-
ties at a constant temperature are shown in Figs. 5–7, respectively.Fig. 5. Relations between crack velocity and stress intensity factor for Berea
sandstone in air with different relative humidities.
Fig. 6. Relations between crack velocity and stress intensity factor for Shirahama
sandstone in air with different relative humidities.
Table 6
Summary of subcritical crack growth measurement for Kushiro sandstone in air with
different relative humidities. SD means the standard deviation.
Condition n KI(105)
(MN/m3/2)
da/dt(0.6)
(m/s)
Low humidity
(291 K, 21–25%)
44 ± 0 0.77 ± 0.01 1.1  1010
(SD = 1.7  100 in log)
Intermediate humidity
(293 K, 54–55%)
35 ± 2 0.53 ± 0.03 8.7  104
(SD = 7.4  100 in log)
High humidity
(293 K, 85–88%)
26 ± 1 0.41 ± 0.02 1.8  101
(SD = 2.0  100 in log)
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results is very high under the same environmental conditions. In
addition, it is shown that the crack velocity increased with increas-
ing the relative humidity. For Shirahama sandstone and Kushiro
sandstone, the increase of the crack velocity was much more
remarkable than that for Berea sandstone.
In Tables 4–6, the results of subcritical crack growth measure-
ments for Berea sandstone, Shirahama sandstone and Kushiro
sandstone under different relative humidities are summarized,
respectively. In these tables, the stress intensity factor at da/
dt = 105 (m/s), KI(105), is listed to provide a quantitative compar-
ison of the stress intensity factor, because the range of the crack
velocity was 102–108 m/s. Since the range of the stress intensity
factor was 0.2–0.4 MN/m3/2 for Berea sandstone, the value of the
crack velocity at KI = 0.3 [MN/m3/2], da/dt(0.3), is listed in Table 4.Fig. 7. Relations between crack velocity and stress intensity factor for Kushiro
sandstone in air with different relative humidities.
Table 4
Summary of subcritical crack growth measurement for Berea sandstone in air with
different relative humidities. SD means the standard deviation.
Condition n KI (105)
(MN/m3/2)
da/dt(0.3)
(m/s)
Low humidity
(290–293 K, 18–27%)
57 ± 6 0.32 ± 0.01 1.3  107
(SD = 1.2  101 in log)
Intermediate humidity
(293 K, 54–56%)
61 ± 2 0.27 ± 0.01 1.9  103
(SD = 4.8  100 in log)
High humidity
(293 K, 89–92%)
64 ± 0 0.26 ± 0.00 7.2  102
(SD = 1.3  100 in log)
Table 5
Summary of subcritical crack growth measurement for Shirahama sandstone in air
with different relative humidities. SD means the standard deviation.
Condition n KI (105)
(MN/m3/2)
da/dt(0.4)
(m/s)
Low humidity
(293–296 K, 21–25%)
28 ± 2 0.50 ± 0.03 2.4  108
(SD = 5.9  100 in log)
Intermediate humidity
(293 K, 53–56%)
37 ± 0 0.34 ± 0.01 4.9  103
(SD = 1.9  100 in log)
High humidity
(293 K, 90–92%)
30 ± 2 0.23 ± 0.00 1.6  102
(SD = 2.9  100 in log)For Shirahama sandstone, since the range of the stress intensity
factor was 0.2–0.6 MN/m3/2, the value of the crack velocity at
KI = 0.4 [MN/m3/2], da/dt(0.4), is listed in Table 5. For Kushiro sand-
stone, since the range of the stress intensity factor was 0.3–0.9
MN/m3/2, the value of the crack velocity at KI = 0.6 [MN/m3/2], da/
dt(0.6), is listed in Table 6. In Tables 4–6, the values of average
and standard deviation (logarithmic average and standard devia-
tion for the crack velocity) from 2 to 3 specimens are listed.
Tables 4–6 show that the crack velocity increased for all sand-
stones when the relative humidity increased. However, the extent
of the increase of the crack velocity for Berea sandstone was smal-
ler obviously than that for Shirahama sandstone and Kushiro sand-
stone. For Berea sandstone, the crack velocity increased by 5–6
orders of magnitude when the relative humidity increased three-
fold or fourfold. On the other hand, the crack velocities for Shiraha-
ma sandstone and Kushiro sandstone increased by 9–10 orders of
magnitude.
Figs. 8 and 9 show KI  da/dt relations under different temper-
atures at constant relative humidity for Berea sandstone and Shira-
hama sandstone, respectively. From these ﬁgures, it is recognized
that the changes of the crack velocity and the stress intensity factor
are unclear.
In Tables 7 and 8, the results of subcritical crack growth mea-
surements for Berea sandstone and Shirahama sandstone under
different temperatures are summarized, respectively. In Table 7,
da/dt(0.27) indicates the value of the crack velocity at
KI = 0.27 [MN/m3/2]. This is listed because the range of the stressFig. 8. Relations between crack velocity and stress intensity factor for Berea
sandstone in air with different temperatures.
Fig. 9. Relations between crack velocity and stress intensity factor for Shirahama
sandstone in air with different temperatures.
Table 7
Summary of subcritical crack growth measurement for Berea sandstone in air with
different temperatures. SD means the standard deviation.
Condition n KI (105)
(MN/m3/2)
da/dt(0.27)
(m/s)
Low temperature
(293 K, 54–56%)
61 ± 2 0.27 ± 0.01 3.0  106
(SD = 3.9  101 in log)
Intermediate temperature
(328–329 K, 53%)
51 ± 1 0.26 ± 0.01 5.0  105
(SD = 4.8  100 in log)
High temperature
(349–350 K, 51–54%)
52 ± 2 0.27 ± 0.02 1.5  105
(SD = 1.1  101 in log)
Table 8
Summary of subcritical crack growth measurement for Shirahama sandstone in air
with different temperatures. SD means the standard deviation.
Condition n KI (105)
(MN/m3/2)
da/dt(0.35)
(m/s)
Low temperature
(293 K, 53–56%)
37 ± 0 0.34 ± 0.01 3.5  105
(SD = 3.8  100 in log)
Intermediate temperature
(329 K, 53%)
32 ± 2 0.37 ± 0.01 1.6  105
(SD = 1.9  100 in log)
High temperature
(349–350 K, 50–51%)
33 ± 2 0.35 ± 0.02 9.1  106
(SD = 1.9  100 in log)
1136 Y. Nara et al. / International Journal of Solids and Structures 48 (2011) 1130–1140intensity factor for Berea sandstone was 0.22–0.32 MN/m3/2 (see
Fig. 8). Similarly, we also list da/dt(0.35) in Table 8, which indicates
the crack velocity at KI = 0.35 [MN/m3/2], because the range of the
stress intensity factor for Shirahama sandstone was 0.28–0.42
[MN/m3/2] (see Fig. 9). Additionally, n and da/dt(105) are also
listed in these tables. It is recognized that the changes of the stress
intensity factor and the crack velocity are unremarkable, even
though the temperature increases.
It is shown that subcritical crack growth index n for Kushiro
sandstone tends to be smaller when the relative humidity is higher
(see Table 6). On the other hand, dependence of n on the temper-
ature and relative humidity for Berea sandstone and Shirahama
sandstone is not clear (see Tables 4, 5, 7 and 8). Additionally, it is
recognized that the values of subcritical crack growth index n forBerea sandstone is larger than those for other sandstones. In sum-
mary, the reproducibility of the evaluation of n is high.5. Discussion
In order to estimate the stress intensity factor and the crack
velocity, we used Eqs. (1) and (2) which consider no thermal and
hydro-mechanical phenomena. Experimental results therefore
show that the relative humidity affects subcritical crack growth
in sandstone signiﬁcantly. An increase of the crack velocity by sev-
eral orders of magnitude was observed when the relative humidity
increased threefold or fourfold.
It has been considered that the main mechanism of subcritical
crack growth is stress corrosion in the Earth’s upper brittle crust
(Atkinson, 1982). In a silica-quartz system, this is considered to
be the chemical reaction between the siloxane bond and water at
the crack tip under tension (Anderson and Grew, 1977; Michalske
and Freiman, 1982; Atkinson and Meredith, 1987). According to
Wiederhorn et al. (1980) and Freiman (1984), if stress corrosion
is the main mechanism of subcritical crack growth, the crack veloc-
ity should be proportional to the relative humidity when the tem-
perature is constant. Wiederhorn (1967) and Soga et al. (1979)
showed experimentally the proportional relation between the
crack velocity and relative humidity for soda-lime glass at a con-
stant temperature. According to their measurements, the crack
velocity at a given stress intensity factor increased proportionally
with the increase of the relative humidity at a constant tempera-
ture. Speciﬁcally, Wiederhorn (1967) reported that this propor-
tional relationship was satisﬁed if the relative humidity was
higher than 1%. Therefore, within the range of the relative humid-
ity in this study, it is conﬁrmed that the increase of the crack veloc-
ity in soda-lime glass is proportional to the increase of the relative
humidity if the temperature is constant.
As mentioned in Section 1, however, for igneous rocks, the crack
velocity was not proportional to the relative humidity and the in-
crease of the crack velocity was 1–4 orders of magnitude when the
increase of the relative humidity at a constant temperature was
threefold or fourfold (Nara et al., 2010b). The increases of the crack
velocity in sandstones were also much larger than those expected
from the concept of stress corrosion (Freiman, 1984) and larger
than those in igneous rocks (Nara et al., 2010b). In addition, the de-
creases of the stress intensity factor were 20% for Berea sandstone
and 50% for Shirahama sandstone and Kushiro sandstone. For
Shirahama sandstone and Kushiro sandstone, the decreases are lar-
ger than those for igneous rocks (10–14%) (Nara et al., 2010b).
Therefore, it is necessary to consider the mechanisms which con-
trol subcritical crack growth in sandstone.
Fujita et al. (2000) reported that a signiﬁcant decrease of the
strength and the stress intensity factor attributed to the decrease
of the strength of illite contained in Shirahama sandstone by con-
ducting uniaxial compression test, Brazilian tensile test and bend-
ing test with Chevron notched specimen. Funatsu et al. (2004)
reported that dehydration of interlayer and absorptive water from
smectite contained in Kimachi sandstone caused the increase of
fracture toughness. Thus, interactions between water and clay
minerals such as illite and smectite seem to be important factors
of the crack growth in sandstone.
In Figs. 10–12, photomicrographs of the crack path observed
with thin sections of 0.03 mm thickness for Berea sandstone, Shira-
hama sandstone and Kushiro sandstone are shown, respectively. In
these ﬁgures, (a)–(c) are obtained under ultraviolet light by a ﬂuo-
rescent method (Ali and Weiss, 1968; Gardner and Pincus, 1968;
Nishiyama and Kusuda, 1994, 1996; Nishiyama et al., 2002), open
nicol and crossed nicols, respectively. For each sample, all photos
were taken at a same position. From these ﬁgures, it is recognized
Fig. 10. Images of crack path in Berea sandstone observed with polarizing microscope. The length of the images is 2.6 mm. The crack propagates mainly along the grain
boundaries. (a) Image under ultraviolet light, (b) image under open nicol, (c) image under crossed nicols.
Fig. 11. Images of crack path in Shirahama sandstone observed with polarizing microscope. The length of the images is 1.1 mm. The crack propagates along the grain
boundaries and through the clay. (a) Image under ultraviolet light, (b) image under open nicol, (c) image under crossed nicols.
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addition, the crack paths through clays were observed for Shiraha-
ma sandstone (see Fig. 11) and Kushiro sandstone (see Fig. 12).
Subcritical crack growth in sandstone may be dependent on the
characteristics of clays and grain boundaries mainly.
For the crack growth along the grain boundary of hard mineral
grains such as quartz and feldspar without clays, it is considered
that the crack propagated in similar way to igneous rocks related
to the mechanical properties of these minerals (Nara et al., 2010b).
It is necessary to consider the effect of water on clays. If the con-
tent of water in smectite increases, the basal spacing increases
remarkably (Sato et al., 1992), and the strength of sandstone con-
taining smectite decreases (Young et al., 2009). Shirahama sand-
stone and Kushiro sandstone include smectite (see Fig. 1).
Therefore, it is considered that smectite caused the remarkable de-
crease of the stress intensity factor for these sandstones. Addition-
ally, the strength of sediment containing illite tended to decrease
with increasing water content according to Francisca et al.(2005). It is thus considered that the resistance to crack growth de-
creases in clays such as illite and smectite when the relative
humidity is higher and the water content increases. Consequently,
this leads to a remarkable increase the crack velocity in Shirahama
sandstone and Kushiro sandstone. On the other hand, it is consid-
ered that the change of the crack velocity and the stress intensity
factor in Berea sandstone were smaller because the content of clays
was much less than that for the other sandstones.
Although the crack paths through clays were observed for
Shirahama sandstone and Kushiro sandstone (see Figs. 11 and
12), apparently the crack propagated mainly along grain bound-
aries. It is considered that clays existing along grain boundaries
as cements were weakened by water as suggested by Dhakal
et al. (2002), and then the crack propagated along the weakened
grain boundaries.
It is worth considering the reason why the temperature had lit-
tle effect on subcritical crack growth in sandstone in air. This is
apparently inconsistent with the theory of stress corrosion. After
Fig. 12. Images of crack path in Kushiro sandstone observed with polarizing microscope. The length of the images is 2.6 mm. The crack propagates along the grain boundaries
and through the clay. (a) Image under ultraviolet light, (b) image under open nicol, (c) image under crossed nicols.
Fig. 13. Relations between water content in sandstones and temperature. (a) Berea sandstone, (b) Shirahama sandstone.
1138 Y. Nara et al. / International Journal of Solids and Structures 48 (2011) 1130–1140measuring subcritical crack growth, we determined the water con-
tent of DT specimens used in our experiments. In Fig. 13, the rela-
tion between the water content and temperature are shown. The
water content was calculated by the following equation:
wc ¼We WdWd  100; ð8Þ
where wc is the water content [%], We is the weight of the specimen
under the experimental condition, andWd is the weight of the spec-
imen after dried in oven at 363 K. Fig. 13 shows that the water con-
tent tends to decrease with increasing temperature. In this case,
thermally-activated processes such as stress corrosion were inhib-
ited due to the decrease of water in the rock. Therefore, it is consid-
ered that the acceleration of crack growth, due to the increase of the
temperature, and the suppression of the crack growth, due to the
decrease of water, in sandstone occurred simultaneously, and then
the changes of the crack velocity and the stress intensity factor be-
came indistinct.
In water, it is possible to investigate the effect of the tempera-
ture on subcritical crack growth in sandstone at constant water
content. In Fig. 14, KI  da/dt relationship for sandstone in water
with different temperatures is shown. Fig. 14(a) and (b) show the
relations for Berea sandstone and Shirahama sandstone, respec-tively. It is shown that the crack velocity tends to be higher at high-
er temperatures even though the temperature increased only by
30 C. This result is consistent with the concept of stress corrosion.
The same tendency for Shirahama sandstone was observed by Kod-
ama et al. (2003). This is also consistent with the result of Heap
et al. (2009) about the temperature dependence of brittle creep
in sandstone.
It is necessary to discuss the values of subcritical crack growth
index n. Since n relates to the estimate of the long-term strength
and time-to-failure (Wilkins, 1987; Jeong et al., 2007; Nara et al.,
2010a), precise evaluation of n is necessary. If the load relaxation
due to the causes except for the crack growth is included, n will
be underestimated (Pletka et al., 1979). It is shown that the values
of subcritical crack growth index n for Shirahama sandstone and
Kushiro sandstone are larger than that obtained by Atkinson
(1984) (17 for Tennessee sandstone) and similar to those obtained
by Kodama et al. (2003) (45 for Shirahama sandstone), Seto et al.
(2000) (33 for Shirahama sandstone and 46 for Kimachi sandstone)
and Holder et al. (2001) (35 for Scioto sandstone ‘‘block 1’’) in air
(see Tables 5, 6 and 8). The values of n for Berea sandstone is sim-
ilar to those of Scioto sandstone (52 for ‘‘block 2’’) (Holder et al.,
2001) and igneous rocks such as Kumamoto andesite (43–61)
(Nara et al., 2010b) and granite (49–88 for Oshima granite,
Fig. 14. Relations between crack velocity and stress intensity factor for sandstone in distilled water with different temperatures. (a) Berea sandstone, (b) Shirahama
sandstone
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Kaneko, 2006) (see Tables 4 and 7). From these comparisons, it is
considered that the underestimation of n is not considerable and
the effect of the load relaxation except for the crack growth was
little.
Since the number of the studies of subcritical crack growth in
sandstone (Atkinson, 1984; Holder et al., 2001; Kodama et al.,
2003; Ponson, 2009) is much less than those in igneous rocks, it
is essential to obtain more information in order to understand
the crack growth in sandstone. In addition, it is necessary to obtain
results by other experimental method and to compare with those
by RLX method. For example, it will be worth conducting measure-
ment by CDR method as well as RLX method as suggested by Sano
(1988) to improve the reliability of experimental results. In order
to understand the inﬂuence of clay on subcritical crack growth in
sandstone, it is necessary to investigate the crack growth in clay.
Additionally, it will be important to consider the detailed inﬂu-
ences of water condensate (Thomson, 1871; Wondraczek et al.,
2006; Glimaldi et al., 2008) and the existence of fracture process
zone (Sano, 1981; Swanson, 1987) around a crack tip as well as
the inﬂuence of clay. These will be the goal of future studies and
provide useful information for the long-term stability of structures
in a rock mass.6. Conclusion
In this study, the changes of the crack velocity and the stress
intensity factor were investigated with DT testing method under
controlled temperature and relative humidity.
It was shown that the crack velocity increased and the stress
intensity factor decreased when the relative humidity was higher
at a constant temperature. The decrease of the stress intensity fac-
tor was around 50% for Shirahama sandstone and Kushiro sand-
stone which contained relatively large amount of clays. On the
other hand, the decrease was around 20% for Berea sandstone,
which contained few clays. The increases of the crack velocity were
5–6 orders of magnitude for Berea sandstone and 9–10 orders of
magnitude for Shirahama sandstone and Kushiro sandstone,
respectively, when the increase of the relative humidity was three-
fold or fourfold at constant temperature. These increases in the
crack velocity were much larger than that expected from theconcept of stress corrosion. Since the changes of the crack velocity
and the stress intensity factor were larger for sandstone in which
the content of clays was larger, it is concluded that subcritical
crack growth in sandstone in air is affected remarkably by the rel-
ative humidity and the amount of clays in sandstone.
It was shown that the changes of the crack velocity and the
stress intensity factor were unremarkable for sandstone when
the temperature increased at a constant relative humidity. This re-
sult was obtained due to the decrease of water content in sand-
stone with increasing the temperature. In this case, it is
considered that the acceleration of the crack growth due to the in-
crease of the temperature and the suppression of the crack growth
due to the decrease of water in sandstone occurred at the same
time and then the changes of the crack velocity and the stress
intensity factor became indistinct.
The values of subcritical crack growth index for Shirahama
sandstone and Kushiro sandstone agreed with those obtained for
sandstones in air by other researchers. On the other hand, subcrit-
ical crack growth index for Berea sandstone was similar to those
for igneous rocks.
This study reveals that the humidity and the clay in rock affect
subcritical crack growth and the long-term stability of structures in
sandstone remarkably. For the long-term stability, it is therefore
effective to control the relative humidity of surrounding environ-
ment. Consequently, weakening of structures in a rock mass can
be restrained by retarding subcritical crack growth.
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